Abstract-We explore the technique of injection locking a semiconductor laser with a portion of the received optical signal to regenerate a local oscillator for eventual use with a homodyne receiver. In addition, we show that the injection locking process can be electronically stabilized by using the Modulation Transfer Ratio (MTR) of the slave laser as a monitor, given either a DFB or Fabry-Pérot slave laser. We show that this stabilization technique maintains injection lock (given a locking range of 1 GHz) for laser drift much greater than what is expected in a typical transmission system. In addition, we explore the quality of the output of the slave laser, and analyze its suitability as a local oscillator signal for a homodyne receiver.
I. INTRODUCTION

I
N high speed-communications, it is critical to be able to detect the smallest possible signals while maintaining a low bit-error rate. This permits data transmission across longer distances without the aid of repeaters or optical amplifiers. This effectively lowers the cost, noise and potential delays of the optical communication network. Currently, homodyne receivers are one of the few detection methods available for achieving the maximum possible sensitivity [1] , [2] .
The major difficulty in implementing a homodyne detection system is the generation of a suitable local oscillator signal. This local oscillator signal must be at the same frequency as the received data signal, as well as be phase coherent with it. To accomplish this, a variety of synchronization techniques have been explored, including Optical Phase-Lock Loops (OPLL) [1] , [3] , [5] , [6] , [19] , [20] , Optical Injection Locking (OIL) with both Fabry-Pérot [7] - [9] and DFB [10] - [12] lasers, and an Optical Injection Phase-Lock Loop (OIPLL) [13] .
Several studies demonstrate the effectiveness of OPLL for locking heterodyne [3] , [5] , [6] and homodyne [1] , [19] , [20] signals to within acceptable limits. However, previous work has also shown that, to minimize the laser phase noise (i.e. the variation in the phase difference between the two synchronized optical signals) the loop delay must be minimal [13] . For wideband lasers (i.e. laser linewidths 10 MHz), the maximum loop delay must be less than 100 ps (the exact value depends on the particular loop filter used in the OPLL), assuming a reliable operation time of 10 years (estimated time until a cycle-slip occurs) [13] . As such, OPLLs may not be physically realizable with Commercial Off-The-Shelf (COTS) components for wideband lasers, and were not seriously considered for generating a local-oscillator signal in this experiment.
Alternatively, OIL provides a low-noise output signal that is phase coherent with the received signal [7] - [13] . However, OIL output becomes chaotic for large injected powers [21] , [22] . Additionally, for small injection (i.e., the injected signal is 30 dB below the OIL output signal), OIL requires a slave laser whose optical frequency differs from the received optical signal by at most 1 GHz, and as little as the linewidth of the received optical signal. As such, frequency drift (due to either glitches in the laser controller or environmental drifts) makes this method ineffective in real systems. OIPPL integrates an OPLL into OIL in order to overcome this limitation [13] . However, OIPLL has only been proven to work for low data-rate optical signals (10-100 Mb/s). In addition, this method is intolerant to phase noise enhanced by the thermal drift of the optical path length of the interferometer used in the OPPL.
In this paper, we improve upon the OIPLL to accommodate received signals with higher data rates. Also, we expand on our previous work, which explored an alternative method for electronically stabilizing the optical injection lock that is insensitive to phase variation within the system [25] . In addition, we theoretically analyze the effectiveness of this stabilization method for both DFB and Fabry-Pérot slave lasers, and present an experimental analysis of the quality of the LO signal produced by the Fabry-Pérot slave laser. This paper is organized as follows. Section II presents an overview of injection locking, including a set of rate equations that may be used to approximate the behavior of the locking process. Section III consists of a summary of OIPPL as a method for generating a local oscillator signal for a homodyne receiver. This section describes the OIPPL process and presents the merits and shortcomings of the method. Section IV explores a method, superior to OPLL, that may be used to provide feedback control to maintain the lock for an OIL system. In this section, a set of equations is derived to predict the behavior of the feedback mechanism. In addition, the feedback mechanism's ability to stabilize the injection lock is demonstrated. In Section V, the quality of the signal produced by the injection locking process is analyzed, in order to determine its suitability as a local oscillator signal for a homodyne receiver. Section VI postulates on how this local oscillator generation technique may be altered to allow for the homodyne detection of PSK transmissions. Finally, general conclusions from the work are presented in Section VII. II. OVERVIEW OF OPTICAL INJECTION LOCKING "Injection Locking" (Fig. 1) is the process of injecting a weak seeding optical signal into a more powerful free-running oscillator, in order to lock the frequency of the free-running oscillator to the same frequency as the seed signal. The circulator in Fig. 1 prevents the output of the slave laser from being coupled into the master laser. From this injection, the output of the slave laser will be coherent (in frequency and phase) with the injected signal.
To model this system, we assume that the laser gain medium can be approximated by an effective two-level system. This excitation dynamic is modeled as a simplified rate equation which ignores nonradiative excitation. Furthermore, we also assume that the evolution of the optical field's amplitude and phase can be described by rate equations. Note that our notation is modeled after [14] , and the resulting rate equations are equivalent to those presented in [13] .
The amplitude of the electric field within the laser cavity (i.e. the electric field that builds up from the injected signal) evolves over time, such that: (1) where is the ratio of the cavity round trip to cavity loss, is the photon life time in the cavity, is loss rate due to external coupling, is the amplitude of the injecting field, and is the phase angle between the injecting field and the field inside the cavity. Competing with this field are the oscillations on the natural modes of the laser cavity that are building up from spontaneous emission. In order to have the simplest model of this effect, we combine these natural modes into a single field with amplitude , which grow according to:
where the source term is the effective noise input from spontaneous emission. Additionally, it should be noted that we assume both (1) and (2) utilize the same values for gain, loss and cavity life time, and external coupling.
The phase of the electric field oscillating within the laser cavity evolves over time, such that: (3) where is the frequency detuning of the injected field with respect to the field oscillating within the laser cavity, and is the phase shift associated with the gain variation normalized to the cavity loss. The relationship between and is assumed to be given by: (4) where is defined as a phase factor whose value is comprised of slow thermal refractive effects and the linewidth enhancement factor due to high-frequency electronic effects. It should be noted that, since these effects have opposite effects on the laser, the value of is less than the linewidth enhancement factor of the laser. Experimentally, it was found that is negligible for our DFB laser and 2 for the Fabry-Pérot laser.
For a laser oscillator near steady state,the round trip gain is almost equal to the loss and . Therefore can be expressed as (5) The gain dynamics due to electrical carrier injection and stimulated emission can be described by (6) where is the normalized electrical pump rate; is the carrier lifetime;
is the saturation intensity in appropriate units. If we assume that the injected signal is much greater than the noise injected into the unwanted modes , the steady-state solutions of (1) and (3) can be used to solve for the detuning of the injected optical signal with respect to the optical signal generated by the locked oscillator [4] : (7) where and are the injected and slave laser output powers, respectively. As the injected signal is detuned, the output of the slave oscillator remains at the frequency of the injected signal, but the phase difference between the signals varies over a range of to [4] . From (7) and this phase limitation, the detuning must be within the range [4] (8) in order to maintain injection lock. Note that nonzero values of result in an asymmetric locking range, as observed in previous studies [4] , [7] , [9] .
III. OVERVIEW OF LO GENERATION WITH OIPPL Fig. 2 shows the general schematic diagram of a homodyne OIPPL (based from the method used in [13] ). In this, a portion of the received optical signal is injected into a semiconductor slave laser. The output of the slave laser is then mixed with the remaining portion of the received signal at the photodetector. The phase error between the master and slave lasers can be determined from the output of the photodetector. According to (7), the phase difference between the received and locked slave laser approximately varies with the arc-sine of the detuning, for low values of . As such, the detected phase error is used by a feedback control loop to adjust the free-running frequency of the slave laser so that is equal to the frequency of the received optical signal.
Previous work has shown that adding the OPPL to the OIL increases the stability of the system, while maintaining a low phase noise LO signal [13] . However, in a real system, the optical path length of the interferometer arms (labeled Path A and Path B in Fig. 2 ) can vary due to environmental drift. If this drift is detected by the OPLL, the OPLL will interpret it as detuning within the OIL, and force the OIL out of lock. In order to prevent this, a phase-insensitive locking method is needed.
IV. FEEDBACK CONTROL OF AN INJECTION LOCKED SEMICONDUCTOR SLAVE LASER
In order for the regenerated local oscillator to lock in frequency with the received optical signal, the difference between the frequency of the received optical signal and the free-running frequency of the slave laser must be within a narrow range-the locking range. However, due to thermal drift, the free-running frequency of the slave laser will vary. In order to compensate for this drift, as well as for the normal frequency drift that is associated with the received optical signal (due to environmental drift, whose drift rate is typically sub-kHz), a feedback system to match these two frequencies is required. This method is based on monitoring the Modulation Transfer Ratio (MTR) of the slave laser with respect to detuning.
A. MTR as a Measure of Detuning
If a small perturbation is applied to the injected electric field (9) then , , , and are also effectively perturbed (we assume that there is no perturbation on the ASE). Thus, , , , and can be expressed as (10) (11) (12) (13) (14) Since we are focusing on the MTR of the slave laser for low modulation frequencies ( 10 MHz), we substitute (9)- (14) into the steady-state solutions for (1)-(3). This allows us to solve for the MTR, defined as MTR (15) If it is assumed that the effect of the intensity of the unwanted modes is negligible, the MTR for this system can be determined
MTR (16)
When graphically representing the MTR of DFB and Fabry-Pérot slave lasers, we must first choose constraining values that approximate their experimental behavior (described in Part B of this section). These values are summarized in Table I . In addition, the values for and are determined from the steady state solutions of (1) and (6) . Fig. 3 (a) depicts the calculated MTR for a DFB slave laser, for various injected intensities. From this figure, a distinctive "U" shape can be seen over the locking range. In addition, the minimum of the "U" shape indicates a modulation suppression between 17 dB and 23 dB for these injected powers. The magnitude of the MTR of the slave laser at zero detuning is approximately proportional to the intensity of the injected master signal (for low modulation frequencies).
Since a Fabry-Pérot laser is multimode, we can no longer assume that the intensity of the unwanted modes is negligible (as was the case for the DFB laser). As such, we can simulate the effect that these unwanted modes have on the MTR of the slave laser by seeding the unwanted modes with both ASE generated by the slave laser and ASE on the received optical signal (due to prior optical amplification). Fig. 3 (b) depicts the calculated MTR for the Fabry-Pérot slave laser, for various injected intensities. For this case, larger injected powers were used, since the output power of the Fabry-Pérot slave laser used in the experiment was greater than that of the DFB laser. This figure depicts a limited "U"-shaped MTR over the locking range. The limit of the U-shape on the left side of the graph is a direct result of the effect of (the MTR is symmetric around zero-detuning when ). The nonzero value of also causes the detuning at which the minimum of the U-shape occurs to become nonzero.
In addition, the incident modulation is suppressed by 23 dB to 29 dB at the center of the locking range, for the given Fabry-Pérot slave laser and injected powers. The minimum value of the MTR (with respect to detuning) of the slave laser decreases as the intensity of the injected master signal decreases. Fig. 4 depicts the experimental setup used to monitor the magnitude of modulation on the optical signal that is emitted from the slave laser. In this setup, a CW signal from a tunable laser is externally modulated via an optical modulator, the modulation depth of which is 7%. This provides the signal to which the slave laser will be locked. The DC bias of the external modulator is adjusted so the 2nd harmonic is 50 dBm, with higher harmonics correspondingly small. The signal is directed into the slave laser via a circulator, labeled as Circulator #1 in Fig. 4 .
B. Experimental Verification of Injection Locking Theory
With reference to Fig. 4 , for the case of a Fabry-Pérot laser, a Bragg grating whose resonant frequency is approximately equal to the optical frequency of the master laser signal is used to filter off the unwanted modes from the output of the slave laser before detection. The signal transmitted through the Bragg grating corresponds to unwanted, higher modes oscillating within the Fabry-Pérot laser. This rejected signal is used as an indication of master-slave locking. Conversely, the signal reflected by the Bragg grating corresponds to the desired mode within the Fabry-Pérot laser. The magnitude of the modulation on this signal is monitored to measure the MTR of the slave laser.
Since the DFB laser is essentially running in a single mode, the portion inside the dotted box in Fig. 4 can be omitted. For this case, the slave laser output is directly coupled into the photodetector and the output of the lock-in amplifier is monitored to determine if the slave is locked to the master laser (rather than monitoring the intensity of the unwanted modes).
To measure the magnitude of the modulation, the signal generated by the detector is lock-in amplified and referenced to the modulator's drive signal. The signal is integrated over 0.3 ms with a low-pass filter. The amplitude of the amplified signal is then recorded by an oscilloscope. In order to detect the change in the magnitude of the modulated signal over the entire locking range, the free running frequency of the slave laser is sinusoidally swept across the locking the entire locking range at a frequency of 20 Hz. This is accomplished by modulating the current source of the slave laser. Fig. 5 depicts the change in the MTR over the locking range for various injected intensities, for both the DFB and FabryPérot slave lasers. Specifically, the injected powers to the DFB slave laser (whose output power is 0 dBm) are 26, 28, and 30 dBm, while the injected powers to the Fabry-Pérot slave laser (whose output power is 10 dBm) are 14, 17, and 20 dBm. These values were determined by measuring the incident power coupled to the fiber connected to the slave laser, and estimating the remaining coupling losses. Similar to what was predicted by the numerical analysis of the injection locking system, both the DFB and Fabry-Pérot lasers demonstrate a "U"-shaped MTR over the locking range, with the Fabry-Pérot laser exhibiting a limited "U"-shape due to the effect of . Both the DFB and Fabry Perot lasers are capable of suppressing the modulation on the received signal by up to 30 dB for these injected powers. Also, both the minimum value and width (corresponding to the locking range) of the "U"-shape vary with the intensity of the injected master signal (at low modulation was tested for injected powers of 026, 028, and 030 dBm. The Fabry-Pérot laser was tested for injected powers of 014, 017, and 020 dBm. frequencies), as was predicted in the numerical analysis. In addition, there was negligible difference in the "U" shapes for both the Fabry-Pérot and DFB slave lasers for all modulation frequencies below 10 MHz.
C. Feedback Control Systems
Fig. 6 depicts a block diagram of an analog feedback system that can be used to stabilize the injection lock (ignoring the component within the dashed box). For this, the received optical signal is modulated (with a modulation depth of , typically 0.1), and injected into the slave laser. If we allow the modulation transfer ratio of the slave laser to be defined by (where is the total detuning at a given time ), then the modulation intensity on the output of the slave laser will be , where is the output of the slave laser (typically 1 mW). This signal is then detected with an effective gain, given by the product of the detector sensitivity and any associated transimpedance gain . A lock-in amplifier (#1) is used to recover the magnitude of the modulation (with a constant gain , typically 30-40 dB). As such, the output of lock-in amplifier #1, denoted as can be expressed as (17) The output of lock-in amplifier #1 is diverted to lock-in amplifier #2, whose output (denoted as ) can be expressed as (18) where is the gain of lock-in amplifier #2 (typically 40-60 dB), is the integration time of lock-in amplifier #2 (typically 100 ms), and is a delay set by the lock-in amplifier to match the phase of the modulation on the input.
The combined signal; consisting of the dc bias, dither, and feedback; is used to drive the slave laser. For the purposes of modeling this system, the effect of the components within the dashed box in Fig. 6 is treated as a constant [23] (whose value is experimentally found to be ). As such, can be defined as (19) where is the detuning (over time) due to the drift of the laser, is the detuning due to the dither applied to the slave laser controller ( 1 kHz), and is the loop delay (typically 1 ns). Note that all detuning measurements are relative to the detuning at which the minimum of the MTR function occurs (nonzero for the Fabry-Pérot slave laser).
Given this, and if we assume that the response time of the feedback loop is much shorter than the drift rate of the slave laser, the current detuning over time can be found by solving (20) where is the derivative of the MTR (with respect to detuning), and is defined by (21) where is the product of the effective gains of both lock-in amplifiers (typically between 70-100 dB). Fig. 7 depicts the detuning over time for this feedback system for various drift rates, given typical values as is summarized in Table II . In addition, the parameters for the feedback signal (i.e. U-shape) is summarized in Table I , under the "DFB" heading. From this figure, we see that the analog feedback system is only effective for drift rates of up to 10 MHz/ms (i.e. the feedback system is capable of maintaining detuning to within 5 MHz). As such, if larger drift rates are expected, either due to thermal instability in the slave laser or electrical glitches in the laser controller, a different feedback system is required.
To improve the analog feedback system, we implement a digital feedback system, as depicted in Fig. 6 (this time including the component inside the dashed box). This feedback system is similar to the analog feedback system, except that the output of lock-in amplifier #2 is used by a digital control circuit to set the digital bias to the slave laser. This digital control circuit consists of a threshold circuit, which controls a counter circuit. The output of the counter circuit is used by a D/A converter, whose output is used to bias the slave laser.
With the addition of the digital control circuit, detuning over time can be expressed as (assuming small and a digital circuit clock period that is much greater than the loop delay) (22) where is the clock period of the digital circuit (typically 100 ns), is the step size of the digital offset applied by the circuit (typically 1 MHz), and is a step function that returns 0 if and 1 if . Given this, if we assume that the response time of the feedback loop is much shorter than the drift rate of the slave laser, the change in the free-running frequency of the slave laser can be described as (23) where each discrete step corresponds to a duration of . As was the case for the analog feedback system, this detuning measurement is relative to the detuning at which the minimum of the MTR function occurs (nonzero for the Fabry-Pérot slave laser).
The detuning over time of the slave laser for the digital feedback loop is included in Fig. 7 . For this, the digital feedback loop was only tested at 1 GHz/ms, since the digital feedback loop is equally effective for all drift rates that do not exceed . From this figure, is apparent that the digital feedback system is capable of maintaining the detuning to within the digital step size (i.e., 1 MHz).
The advantage of the digital feedback loop is its ability to track large drift rates. In addition, the effectiveness of the digital feedback loop is independent on the overall gain of the feedback loop (due to lock-in amplifier gains and other amplifiers). However, this benefit comes at the cost of time added complexity to the feedback system (although the overall design is simple, and can be assembled with COTS components). Also, the digital feedback loop will always maintain detuning to within the digital step size, with a mean error of . As such, an analog feedback system may be a more effective solution if large drift rates are not expected. However, the error of the digital feedback system may also be improved by using a variable step size, in which the value of is automatically decreased as detuning decreases. This improved digital feedback system will be explored in more detail for future projects. In principle, with sufficient improvement to the design of the feedback system, it should be possible to maintain detuning to as little as twice the linewidth of the received optical signal.
Since we use COTS components for the implementation of this LO generator, it may susceptible to both thermal instability and electrical glitches. As such, the feedback system explored for this experiment is the digital feedback loop, as depicted in Fig. 8 . For this, a modulated CW signal (approximately a 5% modulation depth at a frequency of 1 MHz) is directed into the slave laser via a circulator. A 50-Hz sinusoid is applied to the bias port of the slave laser controller that effectively tunes the free-running frequency of the slave laser over 10% of the locking range.
A second lock-in amplifier, operated as a saturating comparator, and a digital level crossing counter are added to implement nonlinear feedback. This second lock-in amplifier, whose reference signal is the 50-Hz sinusoid that was used to modulate the free-running frequency of the slave laser, integrates the signal over 1.0 s with a band-pass filter. Thus, instead of producing the derivative of the "U"-shape, the in-phase output of this lock-in amplifier will be a large, positive (negative) voltage when the difference between the free-running frequency of the slave laser and the frequency of the master laser is positive (negative). This signal is then directed to the control circuit, which utilizes a binary counter to keep track of the offset that it applies to the laser controller. The counter will be incremented (decremented) if the input from the second lock-in amplifier is greater (less) than 0 V. The output of this counter is then converted to an analog voltage, via a D/A converter. This analog voltage is then added to the bias port of the slave laser controller. Fig. 9 shows the input signal to Lock-In Amplifier #2 over time, for the DFB slave laser, as was also demonstrated in [25] . This signal is proportional to the modulation transfer ratio, and thus can be used as an indicator of the stability of the injection lock. As can be seen from this figure, the free-running frequency of the slave laser randomly varies without feedback (due to thermal instability), causing the injection lock to break. The feedback circuit forces the free-running frequency to track the frequency of the received optical signal, effectively correcting this problem.
Further testing shows that, despite laser drift over the equivalent of several locking ranges, for a 31 dBm injected signal with a modulation frequency of 1 MHz, the difference between the free-running frequency of the slave laser (with an output power of 0 dBm) and the frequency of the master laser was maintained within 40% of the full locking range. As a result, the phase difference between the injected signal and the output of the slave laser was less than 22 . This value was calculated by monitoring the output voltage from the first lock-in amplifier and by assuming a one-sided locking range of 90 . Fig. 10 shows the intensity of the unwanted modes over a period of 50 s, for the Fabry-Pérot slave laser. As aforementioned, the intensity of the unwanted modes can be used to indicate if the Fabry-Pérot slave laser is locked to the master laser. Unlike the DFB laser, the free-running frequency of the Fabry-Pérot laser used in this experiment is stable over long periods of time. Thus, in order to test the loop locking stability and recovery response, an additional modulation was added to the laser control circuit to periodically force the slave laser to leave the locking range. Thus, when the feedback control loop is disabled, the Fabry-Pérot slave laser will periodically shift between locked and unlocked states over time. Once the feedback circuit is enabled, the free-running frequency is forced to track the frequency of the received optical signal.
From this it was found that, for a 24 dBm injected signal with a modulation frequency of 1 MHz, the difference between the free-running frequency of the slave laser (with an output power of 10 dBm) and the frequency of the master laser was maintained within 60% of the full locking range. As a result, the phase difference between the injected signal and the output of the slave laser was approximately (calculated by monitoring the output voltage from the first lock-in amplifier and assuming a one-sided locking range of 90 ).
V. CHARACTERIZING THE LOCAL OSCILLATOR SIGNAL
Now that a feedback mechanism has been explored, we can now investigate the quality of the signal generated by the injection-locked semiconductor laser. For this, we focus on the quality of the signal generated by the injection locked FabryPérot laser. One of the main incentives for using a Fabry-Pérot laser, as opposed to a DFB laser, is its high degree of wavelength acceptability. A Fabry-Pérot laser can be injection locked as long as one of its modes can be tuned to the frequency of the received optical signal. Since the bandgap of the semiconductor material that comprises the Fabry-Pérot laser can be altered by changing the temperature of the material, the gain region of the Fabry-Pérot laser can be shifted. Experimentally, it was found that the center of the gain region of the Fabry-Pérot laser could be tuned over a range of 30 nm. As a direct result of this, the Fabry-Pérot laser can be effectively injected by signals whose wavelengths range from 1520 to 1560 nm.
A. Amplitude Noise on the Slave Laser Output
As discussed in Section IV, the Fabry-Pérot laser will suppress noise on the injected signal. However, the Fabry-Pérot laser will also add its own noise to the local oscillator signal. Experimentally, it was found that the majority of this noise is intensity noise at the relaxation oscillation frequency.
When a laser is disturbed during operation, its output power does not immediately return to its steady state, but rather exhibits so-called relaxation oscillations. The frequency at which these damped oscillations occur is known as the relaxation oscillation frequency. Experimentally it was shown that, when freerunning, the relative intensity noise (RIN) on the output of our Fabry-Pérot laser peaks at approximately 2.5 GHz. However, it should be noted that this value can vary greatly from laser to laser.
Coherent injection induced stimulated emission for an injection locked slave laser dominates spontaneous (random) emission. When the slave laser is injected, the relaxation oscillations are more strongly damped, and forced to a higher frequency. Furthermore, the relaxation oscillation frequency will shift towards a higher frequency as the intensity of the injected signal is increased [15] . Previous work has shown that this shift can be predicted by the laser rate equations (presented in Section III), provided that nonradiative excitation is taken in to account (i.e., the current pumping term for the slave laser, which can be represented by Langevin noise forces [16] ) [15] , [16] . Given this, it is possible to minimize the noise on the detected signal by injecting sufficient power into the slave laser to shift the RIN on the local oscillator to a frequency that is higher than the data rate of the received optical signal. Specifically, the RIN must be shifted to a frequency that is greater than two times the data-rate in order to avoid in-band signal-RIN beat noise. Sufficiently shifted, the RIN can then be filtered off of the detected signal with the use of a low-pass filter. It should be noted that the amount of injected power required to reduce the effect of RIN is dependant on the physical characteristics of the slave laser.
B. Modulation Transfer Ratio of the Slave Laser
As aforementioned in Section IV, the slave laser is capable of suppressing amplitude modulation on the incident optical signal. The effectiveness of this suppression is dependant on the intensity of the injected signal. Fig. 11 shows the modulation transfer function of the slave laser for injected powers ranging from 10 to 1 dBm (given a slave laser power of 10 dBm). For this case, the modulation frequency used is 128 MHz, and the current used to pump the slave laser is approximately 100 mA. From this, it can be seen that the intensity of the modulation on the output of the slave laser decreases as the injected intensity decreases. This indicates, just as the theory described in Section IV predicted (depicted in Fig. 3) , that the Fabry-Pérot slave laser is more effective at suppressing the incident modulation as the intensity of that incident modulation is decreased. However, as the injected intensity is decreased, the overall noise on the output of the slave laser, as well as the difficulty in maintaining the injection lock, is increased.
C. Phase Noise on the Slave Laser Output
To test the phase variation on the output of the laser, we measure the linewidth of the output of the slave laser. We then compare this linewidth to the linewidths of both the injected signal and free-running slave laser signals. This comparison serves as an indicator of how well the phase of the injected signal compares to the phase of the local oscillator signal. Ideally, the phase variation, and thus the linewidth, of the injected signal will be the same as the phase variation of the local oscillator signal. This implies that the phase of the output of the Fabry-Pérot laser follows that of the injected signal. The method of delayed-self heterodyne is used to measure linewidth, the setup for which depicted in Fig. 12 . The Fabry-Pérot (whose output power is 10 dBm) is first injected with a 10 dBm CW signal in order to force the slave laser into a single mode. The single-mode output of the slave laser is directed into the input of an acoustooptic (AO) modulator. The AO modulator has two outputs, the zeroth-order output and the first-order output. The zeroth-order output is at the same frequency as the input, while the first-order output is shifted by the acoustic frequency, which in this case is 400 MHz. The first-order output is then transmitted through a 100-km delay line, after which it is beat with the zeroth-order output from the AO modulator at a detector. The output from the detector is monitored on a RF spectrum analyzer.
If it is assumed that the line shape of the output of the Fabry-Pérot laser can be approximated as a Lorentzian line shape, (centered at 400 MHz in the RF spectrum), and that the added delay is much greater than the coherence length of the optical signal, then the resulting RF spectrum of the mixed signals is a Lorentzian function whose linewidth is double that of the linewidth of the laser itself [17] , [18] . Fig. 13 shows a total of three RF spectrums from the detector. The red curve is the spectrum of the signal that is injected into the Fabry-Pérot laser, while the yellow curve is the spectrum of the output of the injection-locked Fabry-Pérot laser (at zero detuning). The white curve is the RF spectrum of the unlocked Fabry-Pérot laser.
As can be seen from this figure, at zero-detuning, the output of the slave laser effectively tracks the phase of the injected signal, independent of its free-running linewidth. However, it should be noted that the slave laser will only be effective in tracking the received signal for small detuning, and that the spectra of the slave laser output becomes increasingly distorted as the level of detuning increases.
D. Phase Noise Generated by Amplitude Noise
In addition to the skewing effect seen in Section IV, the value of will also affect the phase modulation on the Fabry-Pérot slave laser output. Specifically, a portion of the amplitude noise on the injected signal will be converted to phase noise on the slave laser output.
Experimentally, it was found that for the Fabry-Pérot slave laser used in our experiment, the phase noise added by our OIL process is nearly equal to the magnitude of the amplitude modulation that was suppressed. In addition, we observed that the amount of phase noise on the output of the slave laser increases with detuning.
Although the OIL process converts much of the incident amplitude noise to phase noise, a homodyne receiver is much less sensitive to this type of noise. We can see this by first considering the signal from a homodyne receiver (24) If it is assumed that the phase differences and the phase and amplitude variations are small, then (24) can be rewritten to the second-order as (25) where and are the amplitude and phase noise on the local oscillator signal, respectively. From (25) , it can be seen that the phase noise only affects the detected power in the second order. This indicates that, given small modulation, phase modulation will affect the output of the homodyne receiver less than an equivalent amount of amplitude modulation.
E. Phase Coherence Between Injected Signal and Slave Laser Output
One of the requirements of a local oscillator signal is for it to be phase coherent with the received signal. To demonstrate this, an equipath heterodyne interferometer, as depicted in Fig. 14 , is employed. In this, half of the received optical signal is injected into the Fabry-Pérot laser (whose output power is 10 dBm). The output of the Fabry-Pérot laser is then shifted by 400 MHz and beat with the remaining portion of the received signal at a detector. The RF spectrum of the output of the detector is then analyzed. The 50-m delay line is added in order to compensate for the added fiber length that was required to generate the local oscillator signal.
The linewidth of the resulting RF spectrum indicates the fluctuations between the phases of these two signals. Fig. 15 shows three of these RF spectrums, given injected powers of 16 dBm (yellow plot), 44 dBm (blue plot), and 62 dBm (red plot). From the previous section we know that, if the phases of the two signals are incoherent with each other, the observed RF linewidth will be approximately 4 MHz wide, as was the red plot in Fig. 13 . Instead, the yellow plot of Fig. 15 shows a linewidth that is less than 300 Hz. This indicates that the received and local oscillator signals are strongly phase coherent. The residual phase variation (the phase noise within the 300-Hz bandwidth) is either due to thermal or acoustic fluctuations in the optical fiber, and can be compensated for by implementing a phase tracking feedback loop, by isolating the system from thermal and/or acoustic sources, or by reducing the lengths of fiber used in the system. If a phase tracking system is used, the yellow plot in Fig. 15 indicates that this feedback system will need to track the phase difference between the two signals as speeds greater than 3.3 ms.
By varying the injected power, we are able to determine the minimum input power that is required to maintain coherence with the received optical signal. Fig. 16 depicts the peak of the RF linewidth for various injected powers. From both Figs. 15 and 16 we can see that, given injected powers of more than approximately 35 dBm (yellow plot in Fig. 15 ), the received and local oscillator signals are coherent with each other. At an injected power of approximately 40 dBm (blue plot in Fig. 15 ), the slave laser begins to lose coherence with the received optical signal. At injected powers of less than 50 dBm (red plot in Fig. 15 ), the local oscillator signal is no longer coherent with the received signal. 
VI. LOCAL OSCILLATOR GENERATION FOR PSK
The system described earlier can be used for homodyne detection or as a pump for parametric amplification. In addition, our previous work has shown that our OIL system can be used to generate an acceptable LO signal from a NRZ OC192 SONET transmission, provided that the signal is first prefiltered via a Fabry-Pérot optical filter (Micron Optics, 20-MHz bandwidth) [24] .
It is also desirable to use this LO generator with more complex phase modulation schemes, such as PSK [26] . However, because these transmissions do not have a carrier to recover, they are not compatible with OIL without additional preprocessing. As such, a method must be developed to generate a Fourier component of the carrier before the OIL LO generator can be utilized.
One possible method to generate a carrier for the PSK signal is depicted in Fig. 17 . A two-armed interferometer with a digitally-variable phase shift is used to generate the carrier. The phase shifter is controlled by the output of the interferometer, which is proportional to an optical mixing of the received signal and the output of the slave laser. The phase shifter will shift the phase of the incident signal by either 0 or , depending on if the input signal is greater or less than a predefined threshold value. Note that an optical delay has also been added before the phase shifter to ensure that the bit input into the phase shifter is the same as the bit that is mixed with the local oscillator signal used to bias the phase shifter at that instance.
We assume that the bits that comprise the received signal can be represented as a series of values equaling either 1 or 1 (depending on the phase). If we assume that the round trip time of the slave laser is on the order of the bit period, the output of the phase shifter can be modeled as (26) Fig. 18 . Theoretical LO signal produced from LO generator that utilizes the proposed carrier retrieval method (blue: input to carrier retrieval module, green: output of carrier retrieval module, red: normalized LO output).
such that is the bit value of the phase shifter (1 or 1), is the normalized output of the slave laser, and is a step function that returns 0 if and 1 if . Note that if that the intensity of the injected signal is much less than the freerunning intensity of the slave laser, will be approximately equal to the running average . Given this, we can simulate the signal generated by this system, given an input of random data. The result of this is depicted in Fig. 18 . Note that for this figure, the spacing between points is equal to a bit period (which we also set equal to the round-trip time of the laser cavity). In this case, given random data, the output of the phase shifter eventually settles on a value of 1 (either 1 or 1 are possible results) for a random input, forcing the coherent portion of the LO signal to approach a steady value. Our future work will focus on developing a more robust theory to describe the operation of the PSK LO generator, and will experimentally verify the process.
VII. CONCLUSION
It has been shown that a suitable local oscillator for a homodyne receiver can be generated from a slave laser that is injected with portion of the received optical signal. The slave laser can either be a Fabry-Pérot laser, or a DFB laser. The advantage of using a Fabry-Pérot laser is its lower cost and higher degree of wavelength acceptability, while the DFB laser allows for a simpler receiver design. However, either laser will effectively reduce the amplitude modulation on the incident signal, while providing a signal whose intensity is that of the free-running slave laser.
Additionally, it has been shown that the injection locking process can be stabilized by monitoring the MTR of the slave laser. The MTR of an injected laser is at a minimum at the center of the locking range, and increases with detuning. This behavior can be utilized by a feedback loop to keep the MTR of the slave laser to a minimum. Furthermore, it has been shown that this trend holds true for both Fabry-Pérot lasers and DFB lasers. Finally, it has been demonstrated that this effect is sufficiently well understood, and that it can be modeled with simple laser rate equations.
